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ABSTRACT 
Global society is confronted with various challenges: climate change should be 
mitigated, and society should adapt to the impacts of climate change, resources will 
become scarcer and hence resources should be used more efficiently and recovered after 
use, the growing world population and its growing wealth create unprecedented 
emissions of pollutants, threatening public health, wildlife and biodiversity. This paper 
provides an overview of the challenges and risks for sewage systems, next to some 
opportunities and chances that these developments pose. Some of the challenges are 
emerging from climate change and resource scarcity, others come from the challenges 
emerging from stricter regulation of emissions. It also presents risks and threats from 
within the system, next to external influences which may affect the surroundings of the 
sewage systems. It finally reflects on barriers to respond to these challenges.  
KEYWORDS 
Modern sanitary systems, Climate change adaptation and mitigation, Resource recovery,  
Sewage effluents, Emissions, Lock in, Load factor. 
INTRODUCTION 
Sanitary systems emerged in the 19th century. They were a response to a new threat: 
cholera. The 1817-1824 Asia and Middle East cholera epidemic had drawn attention to 
this disease. Europe was first seriously struck by cholera in 1830-1832, but the disease 
returned frequently. It posed the main reason to take sanitary measures [1, 2]. After the 
successful London sewage system was constructed between 1859 and 1865, many 
sewage systems emerged in Europe [3-5]. 
Some cities introduced dry sucking systems that allowed agricultural use of the 
collected excrements [6, 7]. However, the introduction of a new invention, ‘water 
closets’, led to ‘flushing’ and diluted sewage that could not be used as fertiliser. Where to 
put the diluted dirt? Coastal cities created outlets to the sea. Inland cities, often first 
spoiled their rivers before starting to treat sewage by sewage farming. Sewage farming
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took much land and raised protests [8, 9] but agricultural use of sewage is still practiced at 
large scale, especially in developing nations [10]. 
Sewage treatment was successfully introduced in the Interbellum. In the second half 
of the 20th century, sewage systems further diffused, and sewage treatment became 
standard in the industrialised world. Stricter environmental regulations and the 
introduction of various household chemicals [11, 12] created new problems. By the end 
of the 20th century, agricultural use of sewage sludge was often terminated to prevent 
chemical- and bio-hazards. However, this also disrupted the mineral cycle of the food 
chain as trace minerals ended in the incinerator instead of being used as fertiliser. 
The developments in the waste water system can be defined in different stages of 
treatment, starting with the primary stage of mechanical treatment for simple 
sedimentation. The activated sludge treatment can be defined as the secondary treatment. 
Additional water treatment and processing and disposal of the sludge is the tertiary 
treatment [13]. This paper focuses on analysing today’s new challenges for sanitary 
systems, which mainly can be found in the tertiary treatment process: 
• Climate change; 
o Mitigation of climate change requires: A far increased energy performance of 
sewage systems, i.e., becoming net energy producing, and reduced emissions 
of greenhouse gases; 
o Sewage systems should be adapted to the impacts of climate change; 
• Resource scarcity: The world is running out of resources. How can resources be 
recovered by sewage systems? (e.g. phosphates, precious metals, urea, alginates, 
clean water); 
• Risks for the environment. Sewage systems pose a risk for their environment by 
various forms of malfunctioning: Causes could be the internal safety (e.g. for gas 
explosions), external safety (for sabotage), disturbance of sanitary performance, 
criminal use, and limited treatment due to cost efficiency. 
The paper analyses the current challenges for sewage systems and reflects on barriers 
for innovation that are caused by sewage systems’ historic lock-in. 
MITIGATION OF CLIMATE CHANGE AND ADAPTATION TO ITS 
IMPACTS: THE CHALLENGE FOR SANITARY SYSTEMS 
What are the options for mitigating climate change impacts caused by sewage 
systems and Waste Water Treatment Plants (WWTP’s)? On multiple levels of operation 
there are aspects which can affect climate change. There are greenhouse gasses emitted, 
most important for the waste water cycle are Methane (CH4) and Nitrous oxide (N2O), 
emitted to air when treating the waste water. Contaminants in the effluents of a WWTP 
might disturb natural processes, which in turn might cause additional greenhouse gas 
emissions but might also fixate Carbon dioxide (CO2) as organic matter [14]. Table 1 
shows the climate impact of waste water treatment in the Netherlands in tonnes CO2 
equivalent as an example of how much gasses are emitted and energy is used. 
Additional water treatment might require more energy. Hence, there might be a 
trade-off between improved treatment and energy consumption [15]. 
The extraction of heat from a waste water system or the use of biogas produced by the 
waste water treatment plant might help mitigating climate change. 
Direct CO2 emissions due to the oxidation of the organic materials in WWTP’s and 
sewage systems are not taken into account, as they are a part of the short cycle closed 
loop from ‘plants (-meat) -food-excrements-CO2-plants’. However, CO2 emissions from 
fossil fuels used for pumps in the sewage system and the WWTP itself are important [16]. 
Greenhouse gas emission reduction 
N2O and CH4 are the two main greenhouse gasses produced in a WWTP. N2O is formed 
in the process of nitrification. Various process parameters influence the nitrification 
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process, like the concentration of organic materials in the sewage, the concentration of 
oxygen, temperature and the concentration of ammonium [17]. 
In 2008, the total Global Warming Potential of the water cycle (drinking water 
production, sanitation and waste water treatment) was analysed.  
 
Table 1. Climate impact of waste water treatment in the Netherlands in tonnes CO2 equivalent [18], 
sewage collection systems not included, treating domestic sewage took 40 kg CO2 equivalent per 
person in 2006, however, the performance of WWTP’s has improved afterwards [19] 
 
 Unit Number Conversion [t CO2] 
Sewage [m3] 1,853,577.000 
  
Organics Inhabitant 
equivalents 26,796,091   
Energy consumption 
Electricity [kWh] 544,100,000 0.59 kg/kWh 321,020 
CH4 [m3] 28,882,000 1.8 kg/m3 51,990 
Sludge processing 
   
102,100 
Direct emissions 
CH4 [kg] 8,400,790 21 kg/kg CH4 176,417 
N2O [kg] 1,166,715 310 kg/kg N20 361,682 
Methane flared (methane not 
incinerated) [kg] 20,810 1 kg/kg CH4 21 
Indirect emissions 
Materials for treatment 
   
35,628 
Office heating  30,495 
Transport 





Per inhabitant equivalent of  
waste water  0.041 
Waste Water Treatment Plant biogas production and consumption 
Besides clean effluent, the WWTP’s final product is sewage sludge: this sludge 
mainly consists of the biomass that has grown on the organics that were present in the 
sewage. This sludge might be digested in an anaerobic digester, by which biogas is 
produced [20]. 
Biogas is often used at the WWTP site, for generating process heat or for generating 
combined heat and power [21]. Biogas might also be cleaned, upgraded to reach a 
specific caloric value, and inject it into the gas grid or it might be used as a transport fuel 
[22]. 
Biogas is produced in an anaerobic sludge digestion process. During a retention time 
of around 20 days, microorganisms break down part of the organic matter that is 
contained in the sludge and produce biogas, which is composed of CH4, CO2 and trace 
gases. The raw biogas needs to be dried and hydrogen sulphide and other trace substances 
removed in order to obtain a good combustible gas. For biogas produced from sewage 
sludge (as well as from landfills), removal of siloxanes is required as siloxanes create 
much wear in combustion equipment [23]. Cleaning biogas may be carried out by: 
• Water scrubbing (a cheap process at larger scale); 
• Pressure swing absorption (using differences in absorption under different 
pressures); 
• Membrane filtration [23]. 
Biogas might also be cleaned and used as transport fuel. Experiments have been carried 
out in several cities [24, 25]. In Sweden, a nationwide network of biogas fuelling stations 
has been created [26, 27]. 
By anaerobic digestion the volume of the sludge is reduced, which is advantageous if the 
sludge should be transported [28]. The remaining sludge still contains considerable water.  
If waste heat is available, e.g. in a cement plant, this might be used to dewater the sludge 
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further. After incineration the ashes contain valuable minerals, like phosphates, which 
might be recycled [29]. 
Extracting heat from waste water  
Waste water that leaves dwellings by the sewage pipe has increased in temperature 
during recent decades. This effect is caused by several factors: 
• Dwellings are more and better insulated. Even in the colder climate zones, high 
insulating walls and -glazing keep dwellings rather warm at night (~15 °C).  
This implies that the flushing water of toilets heats up to 15-20 °C; 
• Hot water is easily available throughout the house and so it is used increasingly; 
• Personal hygiene has become more important. As a consequence, people shower 
more, or take baths. The washing machine is used more often to wash laundry and 
clothes. The water heats up the sewers. 
By these trends, the water that enters the sewers might be 23-26 °C [30]. Sewage is the 
largest factor in heat loss of well insulated buildings [31]. Moreover, as more and more 
sewage systems are separated (waste water/precipitation), the warmer water is less 
diluted by precipitation. The heat that enters the sewage system will be lost in longer 
distance sewage pipe transport. It is therefore of interest to ‘harvest’ this heat locally [32]. 
WWTP’s treat waste water at about 35 °C. Their effluents are therefore even a better 
and larger source of heat. The heat of effluents might be harmful to the ecosystems of the 
receiving water bodies, as water with elevated temperatures contains less oxygen, and 
diseases will develop faster [33], thermal emissions are therefore regulated, and utilising 
the heat will diminish energy consumption and prevent environmental harm [34]. 
Depending on local conditions, energy consumption for heating can be reduced 
significantly by using heat from sewage mains. Using other local sources of heat might be 
facilitated by the systems to recover heat from sewage, which can lead to additional 
reductions. Heat pumps are a key technology to recover this heat [31, 35, 36]. Heat 
recovery of WWTP’s also has an ecological advantage: uncontrolled discharges of 
WWTP effluents might harm wildlife by thermal shock. Especially during summer heat 
waves, effluents and urban run-off might strongly influence river temperatures creating a 
thermal shock for fishes [37]. The EU implemented regulations on thermal releases in 
2006: thermal releases are forbidden if the water temperature exceeds 28 °C (Cyprinid 
waters) or 21.5 °C (Salmonid waters). Moreover, heating of waters by discharges might 
not exceed 3 °C (Cyprinid waters) or 1.5 °C (Salmonid waters) [38]. The US 
Environmental Protection Agency formulated similar guidelines for Salmonid waters in 
the US North West [39]. 
Adaptation to climate change 
Due to climate change, many regions will face moments of extreme precipitation.  
The intensity and frequency will be higher than known today [40]. During a short period 
of time large volumes of water might enter combined precipitation/sewage systems 
which require a quick reaction [41]. The cluster of showers that hit Copenhagen in July 
2011 flooded the city and created unprecedented damages [42]. Short- and long-term 
measures should be applied to cope with extreme precipitation. For the long-term, water 
storage options might be created like retention basins, infiltration, and of course 
expansion of the sewage systems’ capacity.  
The main issue of extreme precipitation is the fact that it hardly has time to enter the 
soil. In recent decades, the paved areas in cities areas have grown in size, which 
accelerates the run off, but creates problems for combined sewage systems. Slowing 
down the water from entering sewage systems by making green roofs [43], diminishing 
(or making permeable) pavement in gardens and parking lots [44], and creating water 
storage [45] could help preventing problems during extreme rainfall. An interesting 
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short-term measurement is temporary water barriers. These barriers have to be able to be 
rapidly applied. It can be anything from the classical sandbags to new floating barriers 
which pop up when the water rises [36]. 
The success of all of these measures is depending on when and where the extreme 
precipitation will fall. As climate change implies, a structural change in rainfall patterns, 
historic data are of little use. Statistical model analysis of extreme precipitation events is 
still of limited value and uncertainties are large. Elaborate models require too much 
computing time to be helpful for emergency warnings. For example, the Royal Dutch 
Meteorological Institute (KNMI) uses a so called ‘Harmonie-Arome model, which is 
designed especially for short range weather forecasts [46], but its rendering takes too 
much time to calculate entire scenarios†.  
The impacts of floods or water nuisances in a city will increase in the future. As cities 
will get more crowded, with more elaborate infrastructures, water might create more 
damage, and direct as well as indirect economic losses [47]. Flooding also had 
consequences for the sewage system and WWTP’s. They will release raw sewage which 
creates public health threats [48, 49].  
In large parts of the world (California, Spain, Northern Africa, Middle East, 
Australia) lack of precipitation is a main impact of climate change [50]. Especially in 
those areas, using less water for sanitation might be important [51]. Filtering effluents 
until they reach drinking water quality might be an interesting option under those 
conditions [52]. 
RESOURCE SCARCITY AND THE CIRCULAR ECONOMY: CUTTING 
EMISSIONS AND BOOSTING RAW MATERIALS RECOVERY 
Sewage systems have been created for sanitation of cities. As sewage systems 
initially just transferred the sewage out of the city, without any cleaning, the same system 
was also used to get rid of precipitation. Moreover, any substance was allowed to enter 
the system. After WWTP’s were added to sewage systems, the situation changed 
completely: 
• Some chemicals could harm sewage treatment and were to be kept out of sewage 
systems; 
• Sewage treatment had a limited capacity, so rainwater was not to be fed into the 
sewage treatment as the WWTP could not process the larger volumes. 
Many sewage systems remained combined precipitation/sewage systems, as change 
was expensive. Hence, during heavy rainfall, the system collected too much water for the 
capacity of the WWTP. Therefore, ‘overflows’ were introduced by which raw (untreated) 
sewage could be discharged. In sewage systems that are still largely ‘combined’ systems, 
emissions of untreated sewage still occur regularly. However, during heavy rainfall, the 
sewage is rather diluted. The impacts are similar to ‘no sewage treatment’. Studies 
showed that there is a strong relation between outbreaks of water-borne diseases and 
preceding periods of heavy rainfall [48, 49]. 
Metals and minerals 
Various substances pass a sewage treatment unaffected. They end up in the effluent or 
in the sewage sludge. If these substances are chemically inert, they will hardly create a 
direct pollution issue. However, if these substances end up in living creatures or in the 
food chain, they might cause a threat. Various metals, that are present in food as trace 
elements, or are even taken in as food supplement for health reasons, are not affected by 
the aeration of sewage treatment. Metals mainly end up in sewage sludge. Although 
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 The model was created by several national European meteorological institutes, a description can be 
found at: http://en.vedur.is/weather/articles/nr/3232 
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concentrations in sewage sludge might be small, the use of sludge as fertiliser on 
farmland might lead to the accumulation of these metals in (top) soil layers. Especially 
heavy metals like Lead (Pb), Cadmium (Cd), Zinc (Zn), Mercury (Hg), Arsenic (As), 
Silver (Ag), Chromium (Cr), Copper (Cu), and Iron (Fe) pose problems. Elevated 
concentrations of metals in soil might lead to diminished plant growth and higher 
concentrations of these metals in the food chain [53]. Although the human body generally 
protects itself against the accumulation of too high amounts of heavy metals, heavy metal 
poisoning might occur and might have serious health effects [54]. For this reason, the EU 
has set maximum concentrations for Cu and Zn in fertilizer [55]. At the other hand, 
several heavy metals, like Cu and Zn, are crucial in the food chain: a Zn deficiency might 
cause loss of appetite, an impaired immune function, and decreased sexual activity.  
A shortage of Cu might lead to osteoporosis and anaemia. Therefore, there are 
recommendations for minimum and maximum levels of daily intake. In Europe the main 
standards for metals in food are the recommendations of the Nordic Council of Minister 
[56]. Sewage sludge often contains more than 75 ppm Cu and/or 300 ppm Zn, the 
maximum levels that European regulation allows for agricultural use of sewage sludge 
[57]. Recovery of these metals is not attractive from the point of view of the value of 
recovered materials. For example, the largest WWTP of the Netherlands, Harnaschpolder 
near The Hague, produces annually 49,120 tonnes of sludge, with a dry matter content of 
22,8% [58]. Probably this dry matter contains about the maximum concentrations of Cu 
and Zn that are allowed to be used in agriculture (75 ppm and 300 ppm). In that case, the 
total amounts are 839 kg Cu and 3,356 kg Zn per year. Naturally these amounts cannot be 
fully recovered, and certainly not as pure metals, which implies that the total value of the 
recovered metals will be negligible‡. 
But metal recovery might be of use: lowering the concentrations of metals in sludge 
might open the way for re-using sewage sludge as fertiliser in agriculture, a circular food 
chain would be an important step to sustainable development, but would also imply only 
replenishing mineral losses to the food chain, instead of adding mined minerals to boost 
agricultural production (e.g. Cu and Zn are added to boost growth of pigs and chicken 
[59, 60], a.o. phosphates are crucial for plant growth, i.e., crucial for the world wide food 
production [61]). 
There are also precious metals in sewage. Recently this caused interest in sewage 
sludge after scientists discovered that the sewage sludge of a 1 million inhabitant US city 
annually contained 13 million USD worth of precious metals [62]. This raised attention 
throughout the world and various organisations started projects that were aimed at 
recovering these materials. A sewage treatment facility in Japan, located in an area with 
many metal, electroplating, and electronics manufacturing industries recovered 1.8 kg of 
gold per ton of fly ash (the residue of sewage sludge incineration). Sewage sludge with 
such high gold contents is rare [63, 64]. 
Phosphates 
The removal of phosphates from sewage is important for several reasons: 
• Phosphates are a main factor in eutrophication (oversupply of nutrients) of fresh 
water. Eutrophication causes an overgrowth of algae which remove oxygen from 
surface water, thereby suffocating marine wildlife [65]. 
• The stocks of high grade phosphates, mainly in the USA, Morocco and China, are 
declining. There has been debate on ‘peak phosphates’. However, phosphates are 
among the first minerals that the world will run out of [66, 67]; 
• However, most importantly, for the productivity of agriculture, running out of 
phosphates will be a disaster, as there simply is no alternative to produce the 
amounts of food that the world needs [68, 69]; 
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 Price indication (March 2017) Cu is about 4 EUR/kg and Zn 1.50 EUR/kg 
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• Phosphates might harm the equipment of wastewater treatment plants by 
spontaneous formation of struvite [70, 71]. 
Phosphates can be recovered in various ways (for history emissions and removal of 
Phosphates in WWTP’s in The Netherlands see Figure 1 and Figure 2): 
• The preferred way might be to remove it at source: as phosphates are mainly 
concentrated in urine, separated urine collection might be of interest. Urine might be 
used directly (in diluted form) as agricultural fertilizer [72];  
• The phosphates might be recovered from sewage by adding magnesium to create 
Struvite. Struvite can be used directly as fertilizer [73]; 
• Phosphates might also be removed by adding iron-sulphate to the effluent. Iron 
phosphates are formed which are insoluble; 
• Biological removal: phosphate accumulating organisms collect and emit phosphates 
under specific conditions. By a good process design this principle can be utilized for 
controlled phosphate removal. In such a case, phosphates end up in the sewage 
sludge [74]. 
Sewage sludge is dehydrated and often incinerated. Phosphates can be recovered 
from the ashes, except when iron is used. In Northern France, Ecophos is constructing a 
plant for producing fertilizer based on sewage sludge ashes [75]. 
In general, the early removal of phosphates is to be preferred, as there are fewer 
damages to the equipment, due to spontaneous Struvite formation. Moreover, if 
phosphates are removed, the water content of the sewage sludge is less, which implies 
less sludge to be transported and a more energy efficient incineration of the sludge. 
Recovery of phosphates from sewage sludge might also require legal changes, as 
sewage sludge is determined to be ‘waste’, there are various legal limits on the use of 
‘waste’ which should be lifted for a circular use of phosphates [76]. 
Nitrogen 
Nitrogen, especially in compounds such as ammonia and nitrogen-oxides, is the other 
element that is responsible for eutrophication. Nitrogen compounds cannot be washed out 
chemically. Biological treatment in an anaerobic process might be applied to convert 
nitrogen compounds into pure nitrogen, which is an inert gas. Traditionally this was 
carried out by a two-stage process of aerobic nitrification (converting ammonia into 
nitrates and anaerobic denitrification (converting the nitrates into pure nitrogen.  
The Anaerobic Ammonium Oxidation (Anammox) process has been developed in the 
past two decades and removes nitrogen compounds in a single step. In 2007 it was first 
applied in Rotterdam [77]. (For history emissions and removal of Nitrogen in WWTP’s 
in The Netherlands see Figure 1 and Figure 2). 
 




Figure 1. Efficiency development of WWTP’s in the Netherlands [78] 
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Figure 2. Total daily N and P emissions WWTP’s in The Netherlands [78] 
 Fresh water 
The effluent of WWTP’s is fresh water with an ‘acceptable’ level of contaminants. 
Especially in areas where fresh water is scarce, the effluent can be used as a resource to 
produce: 
• Drinking water; 
• Industrial water; 
• Irrigation water. 
Effluents might also be used to replenish aquifers or to counter the intrusion of saline 
water. In fact, many WWTP’s discharge their effluents at rivers that are used downstream 
as intake for drinking water [79]. Naturally this poses a risk for drinking water 
contamination. Several cases of cryptosporidiosis parasite contamination of drinking 
water, causing infectious diarrhoea, have been reported, e.g. in November 2010, in 
Ostersund, Sweden [80]. 
Proteins 
The waste water treatment process produces clean effluent and sewage sludge as the 
residual product of the treatment. Sewage sludge consists for a large part of the remains 
of bacteria that digested the organic materials that were present in waste water.  
These bacteria have multiplied during the process, and only a small fraction is recycled 
internally, to act as the starting population for new generations of bacteria. The bacteria 
in sewage sludge contain proteins, a resource that might be extracted, e.g. for animal 
nutrition [81]§. 
Cellulose 
Toilet paper often ends up as fibrous particles in the WWTP. By using fine-mesh 
sieves, the cellulose fibres can be successfully removed [82]. This has two advantages:  
• The cellulose material that is recovered can be used to dewater the WWTP sewage 
sludge, it can be used in asphalt [83], and it can be used as raw material for 
insulation material; 
• The cellulose that is removed requires no treatment capacity of the WWTP. Hence, 
the WWTP might treat more sewage. 
Further introduction of sieves to remove cellulose and developing successful 
cellulose applications is a main challenge for WWTP’s. Waste regulations and consumer 
perception create significant barriers [84].  
                                                 
§
 FoxNews published a story (republished by others) on a burger that was made of these proteins.  
The story was probably a hoax: https://www.cnet.com/news/japanese-scientist-creates-poop-burger- 
surely-not/), but is still online: http://www.foxnews.com/tech/2011/06/17/japanese-scientists-create-meat- 
from-poop.html, [Accessed: 02-May-2018) 
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Carbon 
Organic matter is a valuable resource for agriculture. Productive soil needs carbon, 
just as it needs various minerals. Crop land loses annually on average 2% of its carbon by 
decomposition, and it loses some minerals that are washed out by precipitation or taken 
up by the crop. For this reason, fertilising fields with sewage sludge is a good idea to 
recycle minerals and carbon. In fact, for millennia, human excrements were used to 
fertilise the land [85]. However, sewage might contain various harmful substances, such 
as various toxic chemicals and bacteria. Especially the use of sewage sludge on pasture 
might affect grazing animals and their products [86]. 
Another issue might be the accumulation of minerals in the soil. The addition of 
minerals to the food/water cycle, e.g. by adding minerals as fertilizer, and by adding 
minerals to animal feedstock creates higher concentrations of minerals in sewage sludge, 
which might accumulate in soils if sewage sludge is used as fertilizer. For this reason, in 
the EU sewage sludge is hardly used anymore as fertilizer. The implication is that soils 
might develop a carbon deficit if no other measures are taken. 
Alginates 
The NEREDA® process is a novel innovative waste water treatment process: it is a 
modified activated sludge process that uses granular sludge. Granular sludge settles much 
faster than the floc like sludge that is formed in the classic WWTP process. In the 
granular sludge NEO Alginates are formed. Normally alginates are extracted from 
Chinese seaweed. In the NEREDA® process, alginates are formed that can be harvested 
easy and energy efficient. Alginates are used to make extra water absorbent- or 
water-resistant paper. Alginates are also used for hardening of concrete [87].  
Hormones 
Various (potentially harmful) substances are only partially destructed by the sewage 
treatment processes. In general, 100% destruction of any chemical will never occur. 
Some chemicals pass sewage treatment facilities practically unaltered. This applies to 
various inorganic compounds such as salts and metals. Also, various organic compounds 
are only partially destructed, like e.g. various medicines and estrogenic compounds. 
Estrogenic compounds affect the sexual characteristics and behaviour of marine 
organisms. In a field study in the Netherlands, it was found that downstream of a WWTP, 
up to one third of the male breams had also female physical characteristics [88]. As these 
waters might be used downstream as an intake for drinking water, estrogenic compounds 
could also affect drinking water [89]. If sewage sludge is used for fertilising pasture, 
these compounds might also affect the food chain [86]. 
Micro-plastics 
Recently, the effluent of WWTP’s was identified as a source of micro plastics, that 
threaten marine wildlife in the oceans [90]. Thus far, there are not much data regarding 
the behaviour/removal of micro plastics in WWTP’s [91]. Polyester micro fibres and 
micro particles of polyethylene are the most common plastic ingredients of WWTP 
effluents [92]. The microfibers originate from synthetics clothing, while polyethylene 
particles are an ingredient of toothpaste and cosmetics. Industry recently announced steps 
to diminish plastic micro particles in toothpaste and cosmetics [93]. 
RISKS AND NUISANCES FOR THE SURROUNDINGS 
WWTP’s and the sewage system cause risks for their surroundings. Some risks are 
coming from the sewage system itself, like stench, others are an external threat that can 
possibly affect the system or the surroundings. What is for example the risk of a 
cyber-attack?  
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Stench 
A well-known challenge for WWTP’s is the risk of stench. Next to the fact that stench 
is an annoying thing, it might also cause health issues such as dizziness, headaches and a 
bad nights’ sleep [94]. An example of dealing with a WWTP stench problem was the new 
large scale WWTP Harnaschpolder near The Hague which initially caused stench.  
The stench had multiple causes, in the first place, the sedimentation tank was closed off 
with floating covers. Along the edges air and the stench could escape. Another problem 
that occurred was the production of methane, which messed up the bacteria in the 
WWTP. And the last known cause of the stench was the large amount of long pipelines, 
needed for transport of waste water in the WWTP [95, 96]. 
Chemicals and illegal substances 
The introduction of new chemicals/pharmaceuticals, like triclosan disinfectants, 
nonylphenol anti-oxidants and diclofenac pain killers [97], and illegal drug production 
might disturb the waste water treatment process and biogas production. These substances 
might also contaminate open waters. Introduction of new chemicals should therefore be 
monitored. A large dumping of chemicals might kill the microbial process in a WWTP 
completely. A WWTP might not be able to treat any sewage for 4 to 6 weeks after its 
microbes have been eradicated. In general, large dumping of chemicals can be detected, 
and the offenders might be caught by detecting and tracing back the smell in the sewage 
system manholes. In such cases, illegal narcotic production facilities might be detected 
[98]. Narcotics and narcotics residue in sewage might be measured to get an indicator of 
drug use in cities [99]. In the near future, sensor systems might even enable law 
enforcement agencies to detect the precursors of improvised bombs in the sewage system, 
which might allow these agencies to dismantle bomb laboratories [100].  
Cyber security and Waste Water Treatment Plants 
WWTP’s just like pumps and valves in the sewage grid are increasingly connected to 
the internet. This creates a risk of cyber-attacks and hacks. In 2001, an incident occurred in 
Australia. A former employee of a software vendor hacked into a Queensland WWTP 
system, and released more than 1,000 m3 of raw sewage into local rivers and parks.  
In 2006, a foreign hacker got into the Harrisburg, (Pennsylvania USA) WWTP in an 
attempt to distribute malware [101]. Naturally, similar actions might play a role in warfare. 
Explosions 
There have been some examples of accidents causing explosions in sewage systems. 
In 1987 a tanker lorry entered the city of Herborn, Germany. The brakes did not work and 
the lorry hit a building and fell over into an ice cream shop. A few minutes later the truck 
exploded. Gasoline entered into the sewage system. Manhole covers and 12 houses 
exploded due to the enormous amount of gasoline damps in the sewage system. Even the 




Figure 3. The catastrophe of Herborn, 7 July 1987 [103]  
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In Guadalajara Mexico, a similar accident happened April 22th 1992, gasoline entered 
the sewage system by an accident with new gas pipelines. Due to a spark the entire 
sewage system exploded. Over a total length of 12 kilometres streets and houses were 
destroyed. A few hours after the first explosion, a second explosion followed. According 
to official numbers 206 people died [104]. The explosions both were caused by external 
fluids entering the sewage system. Nowadays, this remains a serious threat for all sewage 
systems. Although lorries have better safety systems today, accidents like this might still 
happen. 
Sinkholes 
Inspections of the sewers are necessary to prevent them from leaking sewage and 
water. Leaking sewers can cause unstable undergrounds which can cause subsidence or 
in extreme situations sink holes. Especially in areas build on limestone, where karst is a 
threat caused by acid precipitation [105].  
Sinkholes might appear suddenly in very prominent places like large roads or in 
residential areas. Roads or houses might disappear in them, with sometimes a fatal 
ending. While very rare, there are examples of people disappearing in sinkholes, for 
example Jeffery Bush, who was swallowed by a sinkhole in Florida in 2013. The Tampa 
area where he lived is known as Sinkhole alley [106, 107].  
THE PROBLEM OF CHANGE: LOCK IN IN SEWAGE SYSTEMS 
Change is slow in sewage systems. This is caused by lock-in: a sewage system 
consists of various elements that will never be replaced all at the same moment. The life 
expectancy of major elements of the system is more than 60 years. This makes it hard to 
change the system, as it will cause great loss of assets. Moreover, the operations of the 
current system are well known, and so innovative alternatives imply a destruction of this 
know how [108]. 
Also, the factor of spatial corridors is important. In dense cities the space for new 
corridors for pipelines is limited. Of course, they already exist for the current system, but 
any structural change will require different dimensions and new corridors. Sewage pipes 
have to be almost (horizontally) straight, in order to use natural gravity flow conditions. 
This implies in practice that in dense areas (e.g. downtown), hardly any new sewage pipe 
might be constructed. 
The slow process of change can be illustrated by a comparison between the 
Amsterdam and The Hague sewage systems. In the early days of sewage different 
choices were made in both systems. Amsterdam started with a Liernur system, which is 
based on the collection of the waste for use as agricultural fertilizer. Hence, Amsterdam 
tried to keep the waste as concentrated as possible and diverted rain water from its 
system. After the arrival of the water closet Amsterdam had to give up its Liernur system, 
but soon introduced WWTP’s and continued diverting rainfall from its sewage system.  
The Hague chose to dig a ‘refreshment’ canal in order to flush its waste water to the 
North Sea. Extra water from a water closet or rainwater was no issue, this only helped to 
get the waste water into the North Sea. In the 1960’s, The Hague introduced mechanical 
treatment, and only in the 1980’s full waste water treatment was introduced. Hence, the 
necessity to separate sewage from precipitation occurred much later in The Hague. 
Nowadays, the system of Amsterdam is for about 70% a separated system, The Hague’s 
system only for about 30%. The change of the entire system towards a separated system 
will probably take another century [109].  
Not only the life expectancy of the sewage system is one of the problems for change, 
also the financial side is a factor holding back new developments in sewage systems. 
When a system is designed for a certain capacity, there is not much interest in measures to 
lower the supply of sewage. Experiments with innovations like the ‘new sanitation 
system’ will lead to less demand for WWTP capacity [51].  
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Major innovation: ‘New sanitation’ 
In Sneek, the Netherlands, a project called ‘Waterschoon’ uses a new way of sanitation 
and separation of the sewage. In Figure 4 is the process of the Waterschoon project shown. 
Organic waste is grinded and combined with the toilet waste (black water) and transported 
in a vacuum. The less polluted domestic waste water (grey water) is collected separately. 
Rain water is directly discharged to the surface water. 
Heat is extracted from the grey water. Afterwards it is treated by reed beds and 
discharged to local surface water.  
The black water is digested anaerobically to produce biogas. This energy is used to 
warm the households of the project. Also the phosphates are collected as Struvite  
(as mentioned in the paragraph on Phosphates). The advantages of this system: its (vacuum) 
toilet only uses 1-2 litres of water, against 7 litres of water in a conventional toilet. Biogas 
production is doubled [51].  
 
 
Figure 4. Scheme of project Waterschoon with energy and material flows [110] 
Major innovation: NEREDA® process 
The NEREDA® process is a modified activated sludge process to produce granular 
sludge. The sludge settles much faster than the floc like sludge that is formed in the 
classic WWTP process. This creates large savings as less basins are required and less 
energy is required [111]. In Epe, the Netherlands the first Nereda® WWTP is running.  
The results are claimed to be extremely good [112]. 
Undoubtedly, the future will bring more innovative options to reduce resource 
consumption. Especially sensor systems, heat recovery, and recycling and re-use of 
minerals will be important issues. 
CONCLUSION 
This paper provides an overview of the challenges that sanitation systems are 
currently faced with, and briefly sketches barriers to change.  
New challenges and new socio-political goals 
The sewage and waste water systems as presented are far from perfect, given the 
challenges of today and the near future. Due to the heavy lock-in and the slow pace of 
change, the system will not be meeting societal demands soon. But behind the many 
challenges and options, that are extensively analysed in the literature, and that sometimes 
exclude each other, there is the question about priorities and goals:  
• How important is the scale of the system? Is it an issue of technological/economic 
optimisation, or should smaller systems be preferred that offer more options for 
stakeholder involvement and solutions that utilise specific local conditions? 
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• Should the aquatic environment be restored to pre-human conditions, or should 
levels of ‘acceptable pollution’ be set? 
• What risk levels are acceptable for what kind of accidents? Are risks acceptable 
that are new to some places while being well known in other areas (like flooding 
by extreme rainfall, or longer periods of drought and heat waves)? 
• How to recycle resources: At the local level or at continental or global level? 
• What will be the role for users of future sewage systems? Do they require a ‘flush 
and forget’ system, or can they play a more active and responsible role? 
These are socio-political questions that are often neglected. The slow pace of change 
of sanitary systems creates the opportunity to address these questions, although 
discussions will probably always be overshadowed by the problems of altering current 
systems. 
The process of change 
Implementing solutions for all challenges that were sketched above is hardly possible. 
Existing systems change very slowly, and new systems are dependent on existing know 
how, which hardly supports game changing options. Moreover, there will always be new 
challenges that have not been foreseen, hence, resilient sanitary systems are needed. 
Important is that the choices that are made take into account what might be the 
challenges of tomorrow, as the systems that are created today will probably outlive us by 
far. As shown before, the historic choices that Amsterdam and The Hague made in the 
design of their sewage systems about a century ago are still visible and influencing the 
options of today.   
How to accelerate change? The challenges that the external world poses to sanitary 
systems are enormous. Public support for change is crucial to attract political support for 
innovation in sanitary systems. To get this support, sanitary systems should be more 
visible for the public. The public needs to be aware of the challenges, the risks and the 
options for change [113].  
REFERENCES 
1. Barua, D., History of Cholera (Cholera), pp 1-36, Springer, Berlin, Germany, 1992, 
https://doi.org/10.1007/978-1-4757-9688-9 
2. Ministry of the Interior and Kingdom Relations, The Cholera Epidemic in the 
Netherlands in 1866 and 1867 (in Dutch), Van Weelden en Mingelen, Gravenhage,  
The Netherlands, 1872. 
3. Halliday, S., The Great Stink of London: Sir Joseph Bazalgette and the Cleansing of 
the Victorian Metropolis, The History Press, Stroud, United Kingdom, 2013. 
4. Allen, M. E., Cleansing the City: Sanitary Geographies in Victorian London,  
Ohio University Press, Athens, Ohio, USA, 2008. 
5. Bazalgette, J. W., On the Main Drainage of London: and the Interception of the 
Sewage from the River Thames, William Clowes and Sons, London,  
United Kingdom, 1865. 
6. van Zon, H., A Very Unsavory History: Studies on Non-industrial Pollution in the 
Netherlands, 1850-1920 (in Dutch), University of Groningen, Groningen,  
The Netherlands, 1986. 
7. Roccaro, P., Santamaria, A. E. and Vagliasindi, F. G., Historical Development of 
Sanitation from the 19th Century to Nowadays: Centralized vs Decentralized 
Wastewater Management Systems (Evolution of Sanitation and Wastewater 
Technologies through the Centuries), pp 437, IWA Publishing, London,  
United Kingdom, 2014. 
8. Beder, S., From Sewage Farms to Septic Tanks: Trials and Tribulations in Sydney, 
Journal of the Royal Australian Historical Society, Vol. 79, No. 1, pp 72-95, 1993. 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212  
 
Journal of Sustainable Development of Energy, Water and Environment Systems 206 
9. Védry, B., Gousailles, M., Affholder, M., Lefaux, A. and Bontoux, J., From Sewage 
Water Treatment to Wastewater Reuse. One Century of Paris Sewage Farms 
History, Water Science and Technology, Vol. 43, No. 10, pp 101-107, 2001, 
https://doi.org/10.2166/wst.2001.0592 
10. Jaramillo, M. F. and Restrepo, I., Wastewater Reuse in Agriculture: A Review 
About its Limitations and Benefits, Sustainability, Vol. 9, No. 10, pp 1734, 2017, 
https://doi.org/10.3390/su9101734 
11. Smith, S., Organic Contaminants in Sewage Sludge (Biosolids) and their 
Significance for Agricultural Recycling, Philosophical Transactions of the Royal 
Society of London A: Mathematical, Physical and Engineering Sciences, Vol. 367, 
No. 1904, pp 4005-4041, 2009, https://doi.org/ 10.1098/rsta.2009.0154 
12. McClellan, K. and Halden, R. U., Pharmaceuticals and Personal Care Products in 
Archived US Biosolids from the 2001 EPA National Sewage Sludge Survey,  
Water Research, Vol. 44, No. 2, pp 658-668, 2010, 
https://doi.org/10.1016/j.watres.2009.12.032 
13. Larsen, H. F., LCA of Wastewater Treatment (Life Cycle Assessment: Theory and 
Practice) (Hauschild, M. Z., Rosenbaum, R. K. and Olsen, S. I., eds.), pp 861-886, 
Springer International Publishing, Cham, Switzerland, 2018, 
https://doi.org/10.1007/978-3-319-56475-3_34 
14. Jin, H.-F., Lim, B.-R. and Lee, K., Influence of Nitrate Feeding on Carbon Dioxide 
Fixation by Microalgae, Journal of Environmental Science and Health Part A,  
Vol. 41, No. 12, pp 2813-2824, 2006, https://doi.org/10.1080/10934520600967928 
15. Foley, J., de Haas, D., Hartley, K. and Lant, P., Comprehensive Life Cycle 
Inventories of Alternative Wastewater Treatment Systems, Water Research,  
Vol. 44, No. 5, pp 1654-1666, 2010, https://doi.org/10.1016/j.watres.2009.11.031 
16. Daelman, M. R., van Voorthuizen, E. M., van Dongen, U. G., Volcke, E. I. and van 
Loosdrecht, M. C., Methane Emission during Municipal Wastewater Treatment, 
Water Research, Vol. 46, No. 11, pp 3657-3670, 2012, 
https://doi.org/10.1016/j.watres.2012.04.024 
17. van Voorthuizen, E., van Loosdrecht, M. and Uijterlinde, C., Results International 
Research into Greenhouse Gases from Sewers and Purifications (in Dutch), H2O, 
Vol. 45, No. 2, pp 41, 2012. 
18. Frins, J., Mulder, M. and Roorda, J., Towards Peat Carbon Neutral Water Cycle  
(in Dutch) (Rijkswaterstaat, K., RIONED and STOWA, ed.), STOWA, Amersfoort,  
The Netherlands, 2008. 
19. Zandvoort, M., de Graaff, M., Janse, T. and van Loosdrecht, M. C. M., Climate 
Footprint in the Water Cycle: Methane and Nitrous Oxide Emissions in the 
Amsterdam Water Chain (in Dutch), H2O, Vol. 45, No. 4, pp 23, 2012. 
20. Demolder, L., De Mey, J., Rousseau, D. and Meers, E., Anaerobic Fermentation in 
Flanders: Progress Report 2012 (in Dutch), Progress Report, pp 30, Kortrijk, 
Belgium, 2012. 
21. Shen, Y., Linville, J. L., Urgun-Demirtas, M., Mintz, M. M. and Snyder, S. W.,  
An Overview of Biogas Production and Utilization at Full-scale Wastewater 
Treatment Plants (WWTPs) in the United States: Challenges and Opportunities 
Towards Energy-neutral WWTPs, Renewable and Sustainable Energy Reviews,  
Vol. 50, pp 346-362, 2015, https://doi.org/10.1016/j.rser.2015.04.129 
22. Persson, M., Jönsson, O. and Wellinger, A., Biogas Upgrading to Vehicle Fuel 
Standards and Grid Injection, IEA Bioenergy, Task 37 ‒ Energy from Biogas and 
Landfill Gas, pp 1-31, 2006. 
23. Dewil, R., Appels, L. and Baeyens, J., Energy use of Biogas Hampered by the 
Presence of Siloxanes, Energy Conversion and Management, Vol. 47, No. 13,  
pp 1711-1722, 2006, https://doi.org/10.1016/j.enconman.2005.10.016 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212 
 
207 Journal of Sustainable Development of Energy, Water and Environment Systems 
24. Pädam, S. and Waluszewski, D., Biomethane Vehicles in Five European Cities,  
SP Group, Atrax Energy, the Stockholm Municipality, Biogasmax ‒ A Project 
Supported by the European Commission, 2010. 
25. Civitas, Improving Biogas Refuelling Infrastructure, 2011, 
https://civitas.eu/measure/improving-biogas-refuelling-infrastructure,  
[Accessed: 12-June-2018] 
26. Vernay, A.-L., Mulder, K. F., Manon Kamp, L. and de Bruijn, H., Exploring the 
Socio-technical Dynamics of Systems Integration – The Case of Sewage Gas for 
Transport in Stockholm, Sweden, Journal of Cleaner Production, Vol. 44,  
pp 190-199, 2013, https://doi.org/10.1016/j.jclepro.2012.11.040 
27. Fallde, M. and Eklund, M., Towards a Sustainable Socio-technical System of Biogas 
for Transport: The Case of the City of Linköping in Sweden, Journal of Cleaner 
Production, Vol. 98, pp 17-28, 2015, https://doi.org/10.1016/j.jclepro.2014.05.089 
28. Hong, J., Hong, J., Otaki, M. and Jolliet, O., Environmental and Economic Life 
Cycle Assessment for Sewage Sludge Treatment Processes in Japan,  
Waste Management, Vol. 29, No. 2, pp 696-703, 2009, 
https://doi.org/10.1016/j.wasman.2008.03.026 
29. Kalmykova, Y. and Fedje, K. K., Phosphorus Recovery from Municipal Solid Waste 
Incineration Fly Ash, Waste Management, Vol. 33, No. 6, pp 1403-1410, 2013, 
https://doi.org/10.1016/j.wasman.2013.01.040 
30. Hartman, I. E. E. R. H. and Bloemendal, J. M. K., Hot Sewage: Forgotten Energy 
with Potential (in Dutch), TVVL Magazine, pp 18-19, 2015. 
31. Schmid, F., Sewage Water: Interesting Heat Source for Heat Pumps and Chillers, 
Proceedings of the 9th International IEA Heat Pump Conference, Zurich, 
Switzerland, 2008. 
32. Dürrenmatt, D. J. and Wanner, O., A Mathematical Model to Predict the Effect of 
Heat Recovery on the Wastewater Temperature in Sewers, Water Research, Vol. 48, 
pp 548-558, 2014, https://doi.org/10.1016/j.watres.2013.10.017 
33. Verones, F., Mohd Hanafiah, M., Pfister, S., Huijbregts, M. A. J., Pelletier, G. J. and 
Koehler, A., Characterization Factors for Thermal Pollution in Freshwater Aquatic 
Environments, Environmental Science & Technology, Vol. 44, No. 24,  
pp 9364-9369, 2010, https://doi.org/10.1021/es102260c 
34. Strassler, E., Pritts, J. and Strellec, K., Preliminary Data Summary of Urban Storm 
Water Best Management Practices, United States Environmental Protection Agency, 
Office of Water, Washington, D. C., USA, 1999. 
35. Zoller, F. and Wijler, J., Technology Exploration for Domestic Heat Pumps in the 
Netherlands, Proceedings of the 12th Conference on Sustainable Development of 
Energy, Water and Environment Systems (SDEWES), Dubrovnik, Croatia, 2017. 
36. Tassou, S. A., Heat Recovery from Sewage Effluent using Heat Pumps,  
Heat Recovery Systems and CHP, Vol. 8, No. 2, pp 141-148, 1988, 
https://doi.org/10.1016/0890-4332(88)90006-3 
37. Langford, T., Ecological Effects of Thermal Discharges, Springer Science & 
Business Media, Berlin, Germany, 1990. 
38. EU, Directive 2006/44/EC of the European Parliament and of the Council of 6 
September 2006 on the Quality of Fresh Waters Needing Protection or Improvement 
in Order to Support Fish Life, in 2013 Integrated in: Directive 2000/60/EC of the 
European Parliament and of the Council of 23 October 2000 Establishing a 
Framework for Community Action in the Field of Water Policy, 2006. 
39. U.S. Environmental Protection Agency (EPA), Region 10 Guidance for Pacific 
Northwest State and Tribal Temperature Water Quality Standards,  
EPA 910-B-03-002, (EPA Region 10 Office of Water, ed.), Seattle, Washington, 
USA, 2003. 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212  
 
Journal of Sustainable Development of Energy, Water and Environment Systems 208 
40. Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., Klein Tank,  
A. M. G., Haylock, M., Collins, D., Trewin, B., Rahimzadeh, F., Tagipour, A.,  
Rupa Kumar, K., Revadekar, J., Griffiths, G., Vincent, L., Stephenson, D. B.,  
Burn, J., Aguilar, E., Brunet, M., Taylor, M., New, M., Zhai, P., Rusticucci, M. and 
Vazquez‐Aguirre, J. L., Global Observed Changes in Daily Climate Extremes of 
Temperature and Precipitation, Journal of Geophysical Research: Atmospheres, 
Vol. 111, D05109, pp 1-22, 2006, https://doi.org/10.1029/2005JD006290 
41. Arnbjerg-Nielsen, K., Leonardsen, L. and Madsen, H., Evaluating Adaptation 
Options for Urban Flooding Based on New High-end Emission Scenario Regional 
Climate Model Simulations, Climate Research, Vol. 64, No. 1, pp 73-84, 2015, 
https://doi.org/10.3354/cr01299 
42. European Climate Adaptation Platform, The Economics of Managing Heavy Rains 
and Stormwater in Copenhagen – The Cloudburst Management Plan, 2016,  
https://climate-adapt.eea.europa.eu/metadata/case-studies/the-economics-of-manag
ing-heavy-rains-and-stormwater-in-copenhagen-2013-the-cloudburst-management-
plan, [Accessed: 12-June-2018] 
43. Mentens, J., Raes, D. and Hermy, M., Green Roofs as a Tool for Solving the 
Rainwater Runoff Problem in the Urbanized 21st Century?, Landscape and Urban 
Planning, Vol. 77, No. 3, pp 217-226, 2006, 
https://doi.org/10.1016/j.landurbplan.2005.02.010 
44. Brattebo, B. O. and Booth, D. B., Long-term Stormwater Quantity and Quality 
Performance of Permeable Pavement Systems, Water Research, Vol. 37, No. 18,  
pp 4369-4376, 2003, https://doi.org/10.1016/S0043-1354(03)00410-X 
45. Vaes, G. and Berlamont, J., The Effect of Rainwater Storage Tanks on Design 
Storms, Urban Water, Vol. 3, No. 4, pp 303-307, 2001, 
https://doi.org/10.1016/S1462-0758(01)00044-9 
46. Bengtsson, L., Andrae, U., Aspelien, T., Batrak, Y., Calvo, J., de Rooy, W., 
Gleeson, E., Hansen-Sass, B., Homleid, M., Hortal, M., Ivarsson, K.-I.,  
Lenderink, G., Niemelä, S., Nielsen, K. P., Onvlee, J., Rontu, L., Samuelsson, P., 
Muñoz, D. S., Subias, A., Tijm, S., Toll, V., Yang, X. and Køltzow, M. Ø.,  
The HARMONIE-AROME Model Configuration in the ALADIN-HIRLAM NWP 
System, Monthly Weather Review, Vol. 145, No. 5, pp 1919-1935, 2017, 
https://doi.org/10.1175/MWR-D-16-0417.1 
47. Mokrech, M., Kebede, A. S., Nicholls, R. J., Wimmer, F. and Feyen, L.,  
An Integrated Approach for Assessing Flood Impacts due to Future Climate and 
Socio-economic Conditions and the Scope of Adaptation in Europe,  
Climatic Change, Vol. 128, No. 3-4, pp 245-260, 2015, 
https://doi.org/10.1007/s10584-014-1298-6 
48. Curriero, F. C., Patz, J. A., Rose, J. B. and Lele, S., The Association Between 
Extreme Precipitation and Waterborne Disease Outbreaks in the United States, 
1948-1994, American Journal of Public Health, Vol. 91, No. 8, pp 1194-1199, 2001, 
https://doi.org/10.2105/AJPH.91.8.1194 
49. Auld, H., MacIver, D. and Klaassen, J., Heavy Rainfall and Waterborne Disease 
Outbreaks: The Walkerton Example, Journal of Toxicology and Environmental 
Health, Part A, Vol. 67, No. 20-22, pp 1879-1887, 2004, 
https://doi.org/10.1080/15287390490493475 
50. US Department of Agriculture, Global Desertification Vulnerability Map, 2003, 
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/nedc/training/soil/?cid=n
rcs142p2_054003, [Accessed: 12-June-2018] 
51. Blanken, M., Verweij, C. and Mulder, K., Innovation in Sanitary Systems. Why are 
Novel Sanitary Systems Hardly Introduced?, Proceedings of the 12th Conference on 
Sustainable Development of Energy, Water and Environment Systems (SDEWES), 
Dubrovnik, Croatia, 2017. 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212 
 
209 Journal of Sustainable Development of Energy, Water and Environment Systems 
52. Bixio, D., De Heyder, B., Cikurel, H., Muston, M., Miska, V., Joksimovic, D., 
Schäfer, A. I., Ravazzini, A., Aharoni, A., Savic, D. and Thoeye, C., Municipal 
Wastewater Reclamation: Where do we Stand? An Overview of Treatment 
Technology and Management Practice, Water Science and Technology: Water 
Supply, Vol. 5, No. 1, pp 77-85, 2005, https://doi.org/10.2166/ws.2005.0010 
53. Dudka, S., Piotrowska, M. and Chlopecka, A., Effect of Elevated Concentrations of 
Cd and Zn in Soil on Spring Wheat Yield and the Metal Contents of the Plants, 
Water, Air, and Soil Pollution, Vol. 76, No. 3-4, pp 333-341, 1994, 
https://doi.org/10.1007/BF00482710 
54. Duruibe, J., Ogwuegbu, M. and Egwurugwu, J., Heavy Metal Pollution and Human 
Biotoxic Effects, International Journal of Physical Sciences, Vol. 2, No. 5,  
pp 112-118, 2007. 
55. EU, Safe and Effective Fertilisers on the EU Market, 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=LEGISSUM%3Al21278, 
[Accessed: 12-June-2018] 
56. Nordic Council of Ministers, Nordic Nutrition Recommendations 2012, Integrating 
Nutrition and Physical Activity (Part 1), (Norden, ed.), Nordisk Ministerråd, 
Copenhagen, Denmark, 2014. 
57. Council Directive 91/692/EEC of 23 December 1991 | L 377 | 48 | 31.12.1991,  
Council Regulation (EC) No 807/2003 of 14 April 2003 | L 122 | 36 | 16.5.2003, 
Regulation (EC) No 219/2009 of the European Parliament and of the Council of 11 
March 2009 | L 87 | 109 | 31.3.2009 (EU, ed.), 1991/2003/2009. 
58. RWZI Harnaschpolder (Hoogheemraadschap van Delfland), Electronic 
Environmental Annual Report 2015 (Delfland, H. V., ed.) (in Dutch), Maassluis, 
The Netherlands, 2016. 
59. Ritchie, H. D., Luecke, R. W., Baltzer, B. V., Miller, E. R., Ullrey, D. E. and Hoefer, 
J. A., Copper and Zinc Interrelationships in the Pig, Journal of Nutrition, Vol. 79, 
No. 2, pp 117-123, 1963, https://doi.org/10.1093/jn/79.2.117 
60. Yazdankhah, S., Rudi, K. and Bernhoft, A., Zinc and Copper in Animal Feed – 
Development of Resistance and Co-resistance to Antimicrobial Agents in Bacteria 
of Animal Origin, Microbial Ecology in Health and Disease, Vol. 25, 2014, 
https://doi.org/10.3402/mehd.v25.25862 
61. Food and Agriculture Organization of the United Nations, World Fertilizer Trends 
and Outlook to 2018, 2015, http://www.fao.org/3/a-i4324e.pdf,  
[Accessed: 12-June-2018] 
62. Lottermoser, B. G., Gold and Platinoids in Sewage Sludges, International Journal of 
Environmental Studies, Vol. 46, No. 2-3, pp 167-171, 1994, 
https://doi.org/10.1080/00207239408710922 
63. Prichard, H. M., Wedin, F., Sampson, J., Jackson, M. T., Fisher, P. C., Precious 
Metals in Urban Waste, Water and Environment Journal, Vol. 30, No. 1-2,  
pp 151-156, 2016, https://doi.org/10.1111/wej.12166 
64. Sammut, D., Groundbreaking Work: Smart Ways to Seek Metals (Part I), Chemistry 
in Australia, p 20, 2015. 
65. Callisto, M., Molozzi, J. and Barbosa, J. L. E., Eutrophication of Lakes 
(Eutrophication: Causes, Consequences and Control: Volume 2), (Ansari, A. A. and 
Gill, S. S., eds.), pp 55-71, Springer, Dordrecht, The Netherlands, 2014, 
https://doi.org/10.1007/978-94-007-7814-6_5 
66. Cordell, D. and White, S., Peak Phosphorus: Clarifying the Key Issues of a Vigorous 
Debate about Long-term Phosphorus Security, Sustainability, Vol. 3, No. 10,  
pp 2027-2049, 2011, https://doi.org/10.3390/su3102027 
67. Cordell, D. and White, S., Tracking Phosphorus Security: Indicators of Phosphorus 
Vulnerability in the Global Food System, Food Security, Vol. 7, No. 2, pp 337-350, 
2015, https://doi.org/10.1007/s12571-015-0442-0 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212  
 
Journal of Sustainable Development of Energy, Water and Environment Systems 210 
68. Scholz, R. W., Ulrich, A. E., Eilittä, M. and Roy, A., Sustainable use of Phosphorus: 
A Finite Resource, Science of the Total Environment, Vol. 461-462, pp 799-803, 
2013, https://doi.org/10.1016/j.scitotenv.2013.05.043 
69. Wellmer, F. W. and Scholz, R. W., The Right to Know the Geopotential of Minerals 
for Ensuring Food Supply Security: The Case of Phosphorus, Journal of Industrial 
Ecology, Vol. 19, No. 1, pp 3-6, 2015, https://doi.org/10.1111/jiec.12230 
70. Fattah, K. P. and Chowdhury, F., Early Detection of Struvite Formation in 
Wastewater Treatment Plants, Journal of Environmental Engineering and Science, 
Vol. 10, No. 1, pp 19-25, 2015, https://doi.org/10.1680/jees.14.00015 
71. Bhuiyan, M., Mavinic, D. and Koch, F., Phosphorus Recovery from Wastewater 
Through Struvite Formation in Fluidized Bed Reactors: A Sustainable Approach, 
Water Science and Technology, Vol. 57, No. 2, pp 175-181, 2008, 
https://doi.org/10.2166/wst.2008.002 
72. Karak, T. and Bhattacharyya, P., Human Urine as a Source of Alternative Natural 
Fertilizer in Agriculture: A Flight of Fancy or an Achievable Reality, Resources, 
Conservation and Recycling, Vol. 55, No. 4, pp 400-408, 2011, 
https://doi.org/10.1016/j.resconrec.2010.12.008 
73. Latifian, M., Liu, J. and Mattiasson, B., Struvite-based Fertilizer and its Physical and 
Chemical Properties, Environmental Technology, Vol. 33, No. 24, pp 2691-2697, 
2012, https://doi.org/10.1080/09593330.2012.676073 
74. Saito, T., Brdjanovic, D. and Van Loosdrecht, M., Effect of Nitrite on Phosphate 
Uptake by Phosphate Accumulating Organisms, Water Research, Vol. 38, No. 17, 
pp 3760-3768, 2004, https://doi.org/10.1016/j.watres.2004.05.023 
75. EcoPhos Invests €60 Million in Innovative Dunkerque Plant, 2015, 
http://www.nordfranceinvest.com/news/detail/ecophos-invests-EUR60-million-in-i
nnovative-dunkerque-plant.html, [Accessed: 12-June-2018] 
76. Nutrienten Platform NL and Energie en Grondstoffen Fabriek, What About ... 
Struvite and the Law? (in Dutch), Legal Fact Sheet Struvite (Version 2), 2015. 
77. Van der Star, W. R. L., Abma, W. R., Blommers, D., Mulder, J.-W., Tokutomi, T., 
Strous, M., Picioreanu, C. and van Loosdrecht, M. C. M., Startup of Reactors for 
Anoxic Ammonium Oxidation: Experiences from the First Full-scale Anammox 
Reactor in Rotterdam, Water Research, Vol. 41, No. 18, pp 4149-4163, 2007, 
https://doi.org/10.1016/j.watres.2007.03.044 
78. Government of the Netherlands, Compendium for the Living Environment  
(in Dutch), 2016,  http://www.clo.nl/indicatoren/nl0152-zuivering-van-stedelijk- 
afvalwater-stikstof-en-fosfor, [Accessed: 14-March-2017] 
79. Rice, J. and Westerhoff, P., Spatial and Temporal Variation in De Facto Wastewater 
Reuse in Drinking Water Systems Across the USA, Environmental Science & 
Technology, Vol. 49, No. 2, pp 982-989, 2014, https://doi.org/10.1021/es5048057 
80. Widerström, M., Schönning, C., Lilja, M., Lebbad, M., Ljung, T., Allestam, G., 
Ferm, M., Björkholm, B., Hansen, A., Hiltula, J., Långmark, J., Löfdahl, M., 
Omberg, M., Reuterwall, C., Samuelsson, E., Widgren, K., Wallensten, A. and 
Lindh, J., Large Outbreak of Cryptosporidium Hominis Infection Transmitted 
Through the Public Water Supply, Sweden, Emerging Infectious Diseases, Vol. 20, 
No. 4, pp 581-589, 2014, https://doi.org/10.3201/eid2004.121415 
81. Oesterholt, F., Matassa, S., Palmen, L., Roest, K. and Verstraete, W., Pilot Scale 
Production of Single Cell Proteins Using the Power-to-protein Concept, 
Proceedings of the 2nd Int. Resource Recovery Conference, New York, USA,  
August 5-9, 2017. 
82. Ruiken, C. J., Breuer, G., Klaversma, E., Santiago, T., van Loosdrecht, M. C. M., 
Sieving Wastewater – Cellulose Recovery, Economic and Energy Evaluation,  
Water Research, Vol. 47, No. 1, pp 43-48, 2013, 
https://doi.org/10.1016/j.watres.2012.08.023 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212 
 
211 Journal of Sustainable Development of Energy, Water and Environment Systems 
83. Stichting Toegepast Onderzoek Waterbeheer (STOWA), From Sieving to Asphalt, 
Vazena (in Dutch), 2017, http://edepot.wur.nl/425970, [Accessed: 12-June-2018] 
84. van der Grinten, E., Spijker, J. and Lijzen, J., Reuse of Raw Materials from 
Wastewater: Obstacles and Solution Directions Based on the Cases of Phosphate 
and Cellulose (in Dutch), RIVM Briefrapport 2015-0206, 2016. 
85. Steinig, W., Shit and Piss: An Environmental History of the Meaning and 
Management of Human Excrement in Densely Populated Areas and Urban Regions, 
with a Focus on Agriculture and Public Health Issues, Student Essay  
(Degree Project), Universitet Uppsala, Uppsala, Sweden, 2016. 
86. Lind, P. M., Oberg, D., Larsson, S., Kyle, C., Orberg, J. and Rhind, S. M., Pregnant 
Ewes Exposed to Multiple Endocrine Disrupting Pollutants through Sewage 
Sludge-fertilized Pasture Show an Anti-estrogenic Effect in their Trabecular Bone, 
Science of the Total Environment, Vol. 408, No. 11, pp 2340-2346, 2010, 
https://doi.org/10.1016/j.scitotenv.2010.01.059 
87. Lin, Y., de Kreuk, M., van Loosdrecht, M. C. M. and Adin, A., Characterization of 
Alginate-like Exopolysaccharides Isolated from Aerobic Granular Sludge in 
Pilot-plant, Water Research, Vol. 44, No. 11, pp 3355-3364, 2010, 
https://doi.org/10.1016/j.watres.2010.03.019 
88. Gerritsen, A. A. M., Rijs, G. B. J., Klein Breteler, J. G. P. and Lahr, J., Estrogenic 
Effects in Fish in Regional Waters (in Dutch), RIZA, Report, 2003. 
89. Benotti, M. J., Trenholm, R. A., Vanderford, B. J., Holady, J. C., Stanford, B. D. and 
Snyder, S. A., Pharmaceuticals and Endocrine Disrupting Compounds in US 
Drinking Water, Environmental Science & Technology, Vol. 43, No. 3, pp 597-603, 
2008, https://doi.org/10.1021/es801845a 
90. Ziajahromi, S., Neale, P. A. and Leusch, F. D., Wastewater Treatment Plant Effluent 
as a Source of Microplastics: Review of the Fate, Chemical Interactions and 
Potential Risks to Aquatic Organisms, Water Science and Technology, Vol. 74,  
No. 10, pp 2253-2269, 2016, https://doi.org/10.2166/wst.2016.414 
91. Roex, E., Vethaak, A. D., Leslie, H. and de Kreuk, M., Potential Risk of 
Microplastics in the Fresh Water Environment, Technical Report, STOWA, 
Amersfoort, The Netherlands, 2013. 
92. Mintenig, S. M., Int-Veen, I., Löder, M. G. J., Primpke, S. and Gerdts, G., 
Identification of Microplastic in Effluents of Waste Water Treatment Plants using 
Focal Plane Array-based Micro-Fourier-transform Infrared Imaging,  
Water Research, Vol. 108, pp 365-372, 2017, 
https://doi.org/10.1016/j.watres.2016.11.015 
93. Ysebaert, T., Plastic Disappears from Toothpaste (De Standaard) (in Dutch), 
Brussel, Belgium, 2018. 
94. Schiffman, S. S. and Williams, C., Science of Odor as a Potential Health Issue, 
Journal of Environmental Quality, Vol. 34, No. 1, pp 129-138, 2005. 
95. Anonymous, Harnaschpolder Stinkt (H2O), p 4, Nijgh Periodieken, Rijswijk, 
Schiedam, The Netherlands, 2007. 
96. Dusseldorp, A. and Morgenstern, P., Health Complaints at WWTP Harnaschpolder, 
National Institute for Public Health and Environment (RIVM), Bilthoven,  
The Netherlands, 2007. 
97. Symsaris, E. C., Fotidis, I. A., Stasinakis, A. S. and Angelidaki, I., Effects of 
Triclosan, Diclofenac, and Nonylphenol on Mesophilic and Thermophilic 
Methanogenic Activity and on the Methanogenic Communities, Journal of 
Hazardous Materials, Vol. 291, pp 45-51, 2015, 
https://doi.org/10.1016/j.jhazmat.2015.03.002 
98. Daleman, M., The Smell of Drug Chemicals Does not Fall into the Sewer  
(NRC Handelsblad) (in Dutch), Rotterdam, The Netherlands, 2017. 
Eijlander, S., Mulder, K. F. 
Sanitary Systems: Challenges for Innovation 
Year 2019 
Volume 7, Issue 2, pp 193-212  
 
Journal of Sustainable Development of Energy, Water and Environment Systems 212 
99. European Monitoring Centre for Drugs and Drug Addiction, European Drug Report 
Trends and Developments, Publications Office of the European Union, 
Luxembourg, Luxembourg, 2017. 
100. Ferrari, C., Ulrici, A. and Romolo, F. S., Expert System for Bomb Factory Detection 
by Networks of Advance Sensors, Challenges, Vol. 8, No. 1, pp 1-18, 2017, 
https://doi.org/10.3390/challe8010001 




102. Janssen, G. T. A. and Smith, W. H., Quickly Get Out of Here! This Thing Explodes 
Directly (in Dutch), Reformatorisch Dagblad, Apeldoorn, The Netherlands, 1987. 
103.https://www.welt.de/vermischtes/weltgeschehen/article108087075/Als-35-000-Lite
r-Benzin-Herborn-in-Flammen-setzten.html, [Accessed: 25-April-2017] 
104. Anonymous, Guadalajara Explosions, 1992, https://en.wikipedia.org/wiki/1992_ 
Guadalajara_explosions, [Accessed: 25-April-2017] 
105. Waltham, T., Bell, F. G. and Culshaw, M. G., Sinkholes and Subsidence: Karst and 
Cavernous Rocks in Engineering and Construction, Springer Science & Business 
Media, Berlin, Germany, 2007. 
106. Brinkmann, R., Parise, M. and Dye, D., Sinkhole Distribution in a Rapidly 
Developing Urban Environment: Hillsborough County, Tampa Bay Area, Florida, 
Engineering Geology, Vol. 99, No. 3-4, pp 169-184, 2008, 
https://doi.org/10.1016/j.enggeo.2007.11.020 
107. Brinkmann, R., Florida Sinkholes: Science and Policy, University Press of Florida, 
Gainesville, Florida, SAD, 2013. 
108. Liebowitz, S. J. and Margolis, S. E., Path Dependence, Lock-in, and History,  
Journal of Law, Economics & Organisation, Vol. 11, pp 205-226, 1995, 
https://doi.org/10.2139/ssrn.1706450 
109. Mulder, K., Our Common City, the Metabolism of the City (in Dutch),  
Haagse Hogeschool, Den Haag, The Netherlands, 2016. 
110. Stichting Toegepast Onderzoek Waterbeheer (STOWA), Evaluation New Sanitation 
Noorderhoek Sneek (in Dutch), Report, Amersfoort, The Netherlands, 2014. 
111. Winkler, M.-K., Kleerebezem, R. and Van Loosdrecht, M., Integration of Anammox 
into the Aerobic Granular Sludge Process for Main Stream Wastewater Treatment at 
Ambient Temperatures, Water Research, Vol. 46, No. 1, pp 136-144, 2012, 
https://doi.org/10.1016/j.watres.2011.10.034 
112. Royal Haskoning DHV, Nereda WWTP in Epe, The Netherlands, 
https://www.royalhaskoningdhv.com/en-gb/nereda, [Accessed: 12-June-2018] 
113. Mulder, K., Urban Symbiosis as a Strategy for Sustainable Cities: An Overview of 
Options and Their Potential, Pitfalls and Solutions, Proceedings of the 10th 
Conference on Sustainable Development of Energy, Water and Environment 





Paper submitted: 23.02.2018 
Paper revised: 12.06.2018 
Paper accepted: 25.06.2018 
 
